Introduction {#S0001}
============

The immune system plays a key role in cancer recognition and eradication. More than 60 years ago the idea that the immune system recognizes cancer cells and inhibits their growth was introduced.^[1](#CIT0001)^ Cancers induce a local immune response through the expression of neo-antigens and/or by modifying the microenvironment.^[2](#CIT0002)^ Characterizing the quality and the quantity of local immune response at the tumor site will improve our understanding of how the microenvironment influences tumor progression and clinical outcome. Cytokines, chemokines, and growth factors are small molecules secreted by stromal, immune, and/or tumor cells, to coordinate and fine tune the immune response.^[3](#CIT0003)--[5](#CIT0005)^ Cytokine serum levels may represent interesting noninvasive biomarker of tumor-induced immune response, in the detection of cancers or in the monitoring of pathogenesis.

Breast cancer is the most frequent cancer among women worldwide. Classical clinical and pathological markers used to stratify patients are tumor size, estrogen receptor (ER) status, and human epidermal growth factor receptor 2 (HER2) status. The recently clinically approved PAM50 classification divides breast cancers into five subgroups according to gene expression which comprehensively recapitulates the classical pathological markers.^[6](#CIT0006)^ Lymphocytic infiltration is more abundant in ER negative compared to ER positive breast cancers. In addition, high immune infiltration has been associated with an increased response to neo-adjuvant and adjuvant chemotherapy.^[7](#CIT0007)^ Various methods have been used to quantify immune infiltration in breast cancer, however, they are all invasive and very few studies have assessed cytokine serum levels as surrogates of immune infiltration.

In a recent study performed in the DCTB cohort, we measured the levels of cytokines in breast tumor interstitial fluid (TIF) and compared it to levels in the interstitial fluid from normal breast specimens (NIF) recovered from the same patient.^[8](#CIT0008)^ Our results, based on both cytokine measurements and immunohistochemistry (IHC) of immune cells indicated that the presence of a tumor increased the levels of several cytokines in the interstitial fluid. Of particular interest, increased levels of IL5 in the TIF was associated with worse prognosis.^[8](#CIT0008)^

As tumor interstitial fluid is hardly accessible and to further investigate the relevance of circulating cytokines in breast cancer, we measured serum levels of 27 cytokines in two breast cancer cohorts (MicMa, n = 131 and DCTB, n = 28) using the multiplex Luminex technology. We investigated the relationship between cytokine levels and well-known clinicopathological parameters. We report here findings from both cohorts. Our results indicate that high serum levels of pro-inflammatory and Th2-related cytokines could be associated with a worse prognosis and may be an indicator of more advanced-staged and aggressive cancer. Notably, high serum levels of platelet derived growth factor BB (PDGF) were associated with larger tumors and HER2 positivity. Serum-IP10 levels correlated with its mRNA and protein expression levels within the tumor and with worse prognosis. Finally, we brought serum cytokine levels in perspective of the predicted infiltrating immune cell types at the tumor site to gain insight on how PDGF and IP10 levels may relate to pathogenesis.

Results {#S0002}
=======

Clustering of cytokines in the serum of breast cancer patients {#S0002-S2001}
--------------------------------------------------------------

27 cytokine levels were measured in the serum of breast cancer patients using a multiplex bead-based immune assay (Luminex). Two independent cohorts were evaluated: the MicMa (n = 131) collected in Oslo, Norway^[9](#CIT0009)^ and the DCTB (n = 28) collected in Denmark.^[8](#CIT0008)^ Principal component analysis (PCA) demonstrated a separation of the samples from the two cohorts based on the cytokine serum levels, possibly due to batch effects or differences in clinicopathological features ([Figure 1A](#F0001)). Observing a strong separation based on PCA, we further analyzed the two cohorts separately as discovery (MicMa) and replication (DCTB).10.1080/2162402X.2018.1537691-F0001Figure 1.Clusters of cytokine serum levels in relation to prognosis.(A) Principal component analysis was performed using the serum levels of the 27 cytokines measured by Luminex. Scatter plot of principal component 1 and 2 are represented, each dot represents a sample projected in the two main principal components (PC1 and PC2); the dots are colored according to the cohort they belong to. (B) Unsupervised clustering of cytokine levels in the MicMa cohort (n  = 131) using the R package pheatmap with Euclidean distance and Ward.D linkage. Annotations of the rows of the heatmap indicate histopathological features of the patients: ER and HER2 statuses. Cytokines in columns are annotated in regard to the classical function they exert according to the literature. Cluster were identified using cutree, dendrogram of the unsupervised clustering was colored to identify clusters, in addition solid line boxes highlight the 4 clusters. (C & D) Sample-wise enrichment scores for cluster-4-cytokines was calculated using Gene Set Variation Analysis (GSVA) and the 8 cytokines of cluster 4 (FGF, VEGF, GM-CSF, PDGF, IL17, IL5, IL4, IL15). MicMa and DCTB samples were divided in two groups (high and low score) according to the median for the MicMa and the density distribution of the score plotted in Supplementary Figure 1 for the DCTB. Kaplan-Meier survival curves for the high (red) and low (blue) cluster-4-cytokines scores are depicted for MicMa (C) and DCTB (D). The p-values are from log-rank tests. Hazard Ratio ± 95% confidence interval are shown, for the DCTB cohort the Hazard Ratio was not calculable due to small events rates.

We performed unsupervised clustering based on the cytokine serum levels from MicMa ([Figure 1B](#F0001)). The heatmap obtained depicts clusters of cytokines on the x-axis and clusters of patients on the y-axis. Patients' receptor status (ER and HER2) annotation on the y-axis demonstrate that patients cluster independently of ER and HER2 statuses ([Figure 1B](#F0001)). We identified four clusters of cytokines (1: red. 2: green, 3: yellow, 4: blue). Annotation of cytokines according to their classical function (on the bottom of the heatmap), showed that cluster-4-cytokines was composed of cytokines with pro-angiogenic functions and associated with Th2 activity (IL15, VEGF, GM-CSF, PDGF, IL17, IL5, IL4, and FGF). These cytokines are known to act as pro-tumorigenic molecules.^[10](#CIT0010),[11](#CIT0011)^ We therefore estimated the variation of cluster-4-cytokines activity over the MicMa cohort in an unsupervised manner using the Gene Set Variation Analysis (GSVA) method.^[12](#CIT0012)^ We found that breast cancer patients with a cluster-4-cytokines enrichment score above the median had a significantly worse overall survival ([Figure 1C](#F0001)). The other clusters enrichment scores, were not associated with survival (Supplementary Figure 1). We also scored the DCTB samples using the GSVA method. For the DCTB, we found more samples with higher cytokine-cluster-4 enrichment scores as depicted in Supplementary Figure 2, we therefore used the bimodal Gaussian distribution of the score and a finite mixture model to define samples with high or low score. We confirmed the tendency of worse prognosis for patients with a higher cytokine-cluster-4 enrichment score ([Figure 1D](#F0001)).

This initial analysis of the 27 cytokines highlighted the relevance of measuring circulating cytokines in breast cancer patients' serum.

Assessment of individual cytokines {#S0002-S2002}
----------------------------------

We next investigated the relationship between each cytokine and clinical parameters (see Supplementary Table 1--3, for summary of the statistics according to ER status HER2 status and tumor size). In both MicMa and the DCTB cohorts IL17, a cytokine mainly produced by Th17 cells,^[13](#CIT0013)^ was the only cytokine with significantly different serum levels according to hormone receptor status (ER or PR); showing higher expression in the serum of breast cancer patients with an ER negative ([Figure 2(A](#F0002),[B](#F0002))) or PR negative tumor (Supplementary Figure 3A,B). 10.1080/2162402X.2018.1537691-F0002Figure 2.Serum cytokine levels and clinicopathological parameters.(A & B) Boxplots represent the average serum levels of IL17 (log pg/mL) in ER positive (ER pos, gray) and ER negative (ER neg, white) tumors in the MicMa (A) and DCTB (B) cohorts. IL17 levels are significantly higher in ER negative samples. (C & D) Average PDGF serum levels (log pg/mL) are visualized using boxplot in regard to HER2 status in the MicMa (C) and the DCTB (D) cohorts. White boxes, HER2 negative samples (HER2 neg), pink boxes HER2 positive samples (HER2 pos). (E & F) Boxplots represent the average serum levels of PDGF (log pg/mL) in small (\< 2cm, white) or larger (\> 2cm, blue) tumors in the MicMa (E) and DCTB (F) cohorts. PDGF levels are significantly higher in the serum of patient with bigger tumors. The size 2cm was chosen as a cutoff to reflect the TNM staging of the American Cancer Society. Mann-Whitney test p-values are denoted in the bottom right of each boxplot.

Platelet derived growth factor BB (PDGF) is a growth factor mainly produced by activated platelets, macrophages, endothelial, smooth, and tumor cells.^[14](#CIT0014)^ We found higher serum levels of PDGF associated with HER2 positive tumors ([Figure 2C](#F0002) and [2D](#F0002)) and with larger tumor size ([Figure 2E](#F0002) and [2F](#F0002)). PDGF is part of the cluster-4-cytokine identified in [Figure 1B](#F0001); and high levels may therefore reflect the presence of a more aggressive breast cancer type. Indeed, patients with the highest serum levels of PDGF (highest tertile) had a trend for worse prognosis (Supplementary Figure 4A,B; MicMa: p = 0.06, DCTB: p = 0.24, log-rank tests).

In one cohort only: significantly lower levels of G-CSF were associated with HER2 positivity in the MicMa study, while high levels of IL2, IL17, FGF, and GM-CSF were detected among HER2 positive DCTB patients (Supplementary Table 2). Furthermore, higher levels of IP10 in MicMa and of IL2, IL8, and IL9 in DCTB, were associated with larger tumors (Supplementary Table 3).

We assessed cytokine serum levels according to the PAM50 molecular subtypes in the MicMa study;^[15](#CIT0015)^ two cytokines were significantly associated with the PAM50 subtypes (Kruskal-Wallis test \< 0.05). High PDGF serum levels were associated with the HER2-enriched subtype (Supplementary Figure 5A). This confirmed an association between PDGF and HER2-related breast cancer phenotype. High IL8 serum levels were associated with the Normal-like subtype (Supplementary Figure 5B).

Together, these analyses suggest that serum levels of PDGF and IL17 may reflect important clinical and molecular parameters of the breast tumor.

Serum cytokines levels and their intra-tumor mRNA expression levels {#S0002-S2003}
-------------------------------------------------------------------

To investigate whether the levels of serum cytokines may be affected or may derive from tumor-produced cytokines, we retrieved the tumor expression data for the MicMa (GSE19783),^[16](#CIT0016)^ while for the DCTB, we generated mRNA expression profiles from fresh frozen tumors. The DCTB data set of mRNA expression is now available in ArrayExpress with accession number E-MTAB-7201. 98 MicMa and 25 DCTB samples were assessed, for both serum cytokine levels and mRNA profiling. Focusing on each cytokine serum level and its corresponding mRNA expression at the tumor site we found that IP10 serum level positively significantly correlated with its gene expression (CXCL10) at the primary tumor in both cohorts; MicMa (Pearson r = 0.33, p = 0.001) and DCTB (Pearson r = 0.67, p = 0.0003) ([Figure 3A](#F0003) and [3B](#F0003)), Supplementary Table 4). IP10 (CXCL10) is a pro-inflammatory cytokine which may promote breast cancer cell proliferation.^[17](#CIT0017)^ Survival analyses revealed that high serum levels of IP10 (\> median) were significantly associated with worse outcome in the MicMa cohort ([Figure 3C](#F0003), p = 0.004). Although not significant, the same trend was observed in the smaller DCTB cohort ([Figure 3D](#F0003)). We further validated this finding in the METABRIC cohort,^[18](#CIT0018)^ a large and well documented breast cancer cohort in terms of mRNA expression and survival data. In accordance to what was observed in the MicMa cohort, we found in the METABRIC that high mRNA levels (higher than the median) of CXCL10 significantly associated with worse survival ([Figure 3E](#F0003)).10.1080/2162402X.2018.1537691-F0003Figure 3.Cytokines serum levels and corresponding tumor mRNA expression.(A & B) Correlation analysis for IP10 serum levels and CXCL10 mRNA expression from the bulk tumor. Dots are colored according to ER status. (C & D) Patients were divided into two groups according to the median expression of IP10. Kaplan-Meier survival curves for the high (red) and low (blue) levels of IP10 are depicted for MicMa (C) and DCTB (D). (E) Patients of the METABRIC cohort were divided into two groups according to the median mRNA levels of CXCL10. Kaplan-Meier survival curves for the high (red) and low (blue) CXCL10 are depicted. The p-values are from log-rank tests. Hazard Ratio ± 95% confidence interval are shown.

Our data suggest a continuum between the characteristics of the tumor microenvironment (production of IP10 at the primary tumor site) and of its macroenvironment (leakage of tumor-produced IP10 into the bloodstream). In addition, high IP10 serum levels may indicate worse prognosis.

We further investigated whether high CXCL10 mRNA expression was associated with high IP10 protein production and which cells were likely to produce this cytokine using immunohistochemistry (IHC). Using the DCTB cohort, for which we had formalin fixed paraffin embedded (FFPE) staining available, we selected two samples with high CXCL10 mRNA expression (highest quartile, [Figure 4A](#F0004)) and two with low (lowest quartile, [Figure 4B](#F0004)). Samples with high CXCL10 mRNA also showed high IP10 protein expression. As previously described, we found IP10 expressed by both cancer cells and tumor-infiltrating lymphocytes, with slightly higher expression levels in tumor cells. Also, higher IP10 and/or CXCL10 was found in tumors with high proportion of T-cell lymphocytes which agrees with our recent data.^[8](#CIT0008)^ 10.1080/2162402X.2018.1537691-F0004Figure 4.IP10 protein expression in breast tumors associates with high and low IP10 mRNA.The representative IHC images of tissue sections from two pairs of breast tumors exhibiting high (Panel A, T289 and T158) and low (Panel B, T115 and T054) mRNA levels of IP10. **Left sections**: hematoxylin and eosin (H&E) staining for histopathological topography examination of the selected FFPE breast tissue samples. **Middle sections**: IHC staining with anti-CD45 specific antibodies for evaluating tumor infiltrating lymphocytes. **Right sections**: IHC staining with of IP10 antibodies (see Materials and Methods for details). **Black arrows** show the tumor cells. **White arrows** show the TILs. The magnification is x10 for the whole section and x40 for the insertions.

Our results demonstrate the association between IP10 and worse prognosis and emphasize the relevance of measuring this cytokine in the serum of breast cancer patients.

Tumor immune infiltration and circulating cytokine levels {#S0002-S2004}
---------------------------------------------------------

To further investigate the possible mechanisms by which cytokine serum levels may be related to pathogenesis, we analyzed cytokine profiles in perspective of the tumor infiltrating immune cells. Using expression data and the algorithm, xCell, we inferred the extent of immune cell infiltration in the tumor of the patients in both cohorts. xCell uses the single sample gene set enrichment analysis (ssGSEA) method^[19](#CIT0019)^ to predict the relative enrichment of 64 cell types by using gene expression values from bulk tumor samples. Here, we focused on the 26 most common immune cell types (Supplementary Table 5).

Immunohistochemistry (IHC) has been previously performed on the DCTB cohort to estimate the type of leukocyte infiltration present in the tumors, notably, cytotoxic T-lymphocytes (anti-CD8+ antibodies), and tumor-associated macrophages (TAMs) (anti-CD68 antibodies) were assessed^[8](#CIT0008)^. We therefore examined the relationship between intensity of CD8 and CD68 staining and xCell scores for immune cell types expressing these surface markers. We found a positive correlation between IHC staining and xCell scores (Supplementary Figure 6A and 6B) which indicates that xCell scoring could be a good surrogate to investigate immune cell infiltration.

As our results pointed to PDGF, IL17 and IP10 as relevant cytokines to measure in the serum, in respect to the tumor phenotype, we sought for association between infiltrating immune cell types at the tumor site and the serum levels of these two cytokines. We found that patients with the highest levels of pro-B cells (highest quartile) at their tumor site also had significantly higher levels of PDGF in matched serum ([Figure 5A](#F0005) and [5B](#F0005)). Furthermore, samples with low natural killer T (NKT) scores (lowest quartile) had higher serum levels of PDGF ([Figure 5C](#F0005) and [5D](#F0005)). In summary, high levels of PDGF in the serum, which we found associated with more advanced and aggressive tumors may also relate to lower levels of NKT and higher levels of pro-B cells at the tumor site.10.1080/2162402X.2018.1537691-F0005Figure 5.Cytokine levels and infiltrating immune cells.(A & B) Boxplots represent the average serum levels of PDGF (pg/mL) in respect to low or high (highest quartile) scores for pro-B cells infiltration at the tumor site in the MicMa (A) and DCTB (B) cohorts. PDGF levels are significantly higher in the serum of patient with higher pro-B cells scores. (C & D) Boxplots of serum PDGF levels according to low (lowest quartile) and high scores for natural killer T cells (NKT) infiltration at the tumor site in the MicMa (C) and DCTB (D) cohorts. Mann-Whitney test p-values are denoted in the bottom right of each boxplot.

IP10 serum levels on the other hand, were found positively correlated with type M1 macrophages (MicMa, Pearson r = 0.24, p = 0.05; DCTB, Pearson r = 0.57, p = 0.003) (Supplementary Figure 7). Raw Pearson r values between the measured cytokines serum levels and inferred immune cell infiltration are denoted in Supplementary Table 6 when p value \< 0.1. Altogether, these analyses provide clues to understand the mechanisms by which the serum cytokine levels associate with clinicopathological parameters.

Discussion {#S0003}
==========

The immune system plays a pivotal role in cancer recognition and eradication.^[20](#CIT0020)^ Experimental and clinical evidence suggests that cancers elicit an immune response through the expression of neo-antigens or by modifying the tumor microenvironment. Recent studies have assessed the relevance of immune infiltration in regard to risk of relapse, clinical subtypes or response to therapy in breast cancers.^[21](#CIT0021)--[24](#CIT0024)^ Here, we focused on circulating cytokine levels and found that PDGF, IL17, and IP10 serum levels may be used to characterize breast cancers and the immune composition of their microenvironment.

Our previous studies of integrated molecular profiles of invasive breast tumors and ductal carcinoma *in situ* (DCIS) obtained by PARADIGM revealed differential vascular and interleukin signaling associated with different tumor phenotype. The interleukin signaling profiles observed in invasive cancers were absent or weakly expressed in healthy tissue, but already prominent in DCIS. The most prominent difference associated with mammographic density in healthy breast tissue was that of STAT4 signaling.^[25](#CIT0025)^ We have also shown that the density of immune cells that infiltrate a breast tumor tissue is highly dependent on tumor subtype.^[26](#CIT0026)^ The immune cell types found in the vicinity of growing tumor cells is very wide and complex, the predominant type of infiltrating leukocyte, or their location within the growing tumor influence pathogenesis.^[27](#CIT0027)^ However, there are no good clinical guidelines for the use of information on immune infiltration into the treatment of breast cancer, although in a number of studies the presence of such cells have been linked to a favorable response. ^[28](#CIT0028),[29](#CIT0029)^

Cytokines, the molecules orchestrating the immune response, are still poorly characterized in breast cancer. We previously highlighted the relevance of measuring cytokines in breast cancer; we found several cytokines levels elevated in the tumor interstitial fluids when compared to the interstitial fluid of normal tissue.^[8](#CIT0008)^ In the current study, we measured 27 cytokines in the serum of breast cancer patients from two cohorts (MicMa, n = 131) and DCTB (n = 28). We assessed cytokine serum levels in perspective of clinicopathological features. We extracted the significant results in the two cohorts MicMa (discovery) and DCTB (validation). Even though, we use two independent cohorts in this study, the low number of samples in the DCTB cohort may have hindered the validation of results discovered in the MicMa cohort. We believe that the smaller sample size in the DCTB cohort was the reason why the significant survival results found in the MicMa were not fully validated in the DCTB cohort. In addition, ER, PR, and HER2 definitions were different in both cohorts; for example, the MicMa tumors were considered ER positive if more than 10% of the tumor cells were positively immunostained, while in DCTB which is a "newer" cohort, the current St Gallen 2015 (\> 1%) criteria was used.^[30](#CIT0030)^ This may lead to differences in classification of the samples and may also have interfered with validation of some results. Finally, even though the number of tests was relatively small (27 cytokines) we did not correct our p-values in each cohort according to multiple testing and instead focused on the significant results found in both cohorts. The MicMa and the DCTB cohort display different clinicopathological features as depicted in Supplementary Table 7, which may affect our ability to validate some findings. Despite, all the differences inherent to these two cohorts, we were able to find serum cytokine levels significantly associated with clinicopathological features in both cohorts. While our study clearly needs further validation, these are important data and resources which demonstrate that measurements in breast cancer patients' serums provide relevant information regarding primary tumor characteristics. In short, our results would benefit from additional independent validations, but give sufficient ground for more targeted cytokine measurement and emphasize the potential of using readily available serum samples in breast cancer research and clinical practice.

We found PDGF levels significantly higher in the serum of patients with larger tumors or with a positive HER2 status. These results suggest that high serum levels of PDGF may reflect a more aggressive and advanced tumor phenotype. Matsumoto *et al*., showed that higher levels of PDGF-bb were associated with poor prognosis in esophageal cancers,^[31](#CIT0031)^ while Eide *et al* found higher PDGF-bb serum levels in lung cancer compared to COPD patients.^[32](#CIT0032)^ In the MicMa cohort higher levels of PDGF were associated with worse prognosis, the same tendency although not significant, was observed in the DCTB cohort. The PDGF family of growth factors play a role in lymphangiogenesis.^[33](#CIT0033)^ Even though we did not find a correlation between PDGF serum levels and its tumor mRNA expression, we previously reported that the tumor interstitial fluid levels of PDGF were higher than in the normal interstitial fluid,^[8](#CIT0008)^ which suggest that the tumor microenvironment may contribute to the production of PDGF.

Using mRNA expression data to predict for different immune cell type infiltration, we found a possible association between PDGF serum levels and pro-B cells infiltration. Both B cells and PDGF have been shown to be involved in lymph-angiogenesis.^[34](#CIT0034)^ The data we report here are correlative and from small cohorts, and further study will be necessary to investigate the possible interrelationship between pro-B cells, PDFG and lymph-angiogenesis. As proposed also by others ^[35](#CIT0035)^ our study comes to suggest that PDGF acts as a pro-tumorigenic cytokine and its inhibition may enhance the efficacy of chemotherapy.

In this study, we found higher levels of IL17 in the serum of patients with an ER negative tumor when compared to the serum ER positive patients. IL17 is a pleiotropic cytokine mainly secreted by Th17 cells, which may exert pro- or anti- tumorigenic effects.^[13](#CIT0013)^ Elevated levels of IL17 have been found in the microenvironment of ER negative breast tumors and associated with a worse prognosis.^[36](#CIT0036),[37](#CIT0037)^ Our study reinforces the association between IL17 levels and ER status and further suggest that the higher levels of IL17 and therefore Th17 cell activity observed in the microenvironment of ER negative breast cancers can also be measured in the serum.

We previously reported higher IP10 levels on the tumor interstitial fluid of breast cancer patients. IP10 is widely expressed by both cancer cells and tumor-infiltrating lymphocytes. Our recently published analysis of paired normal and tumor biopsies demonstrated that the expression of IP10 is mainly restricted to the ductal epithelial cells. A paired analysis of matched Tumor and Normal interstitial fluid demonstrated that IP10 is significantly elevated in tumor samples. Our data provided an evidence for the secretion of more IP10 from breast tumor tissues than from non-malignant breast tissues.^[8](#CIT0008)^

Here we report a positive correlation between IP10 tumor-derived mRNA expression and circulating serum levels. IP10 act as a chemo-attractant for monocytes^[38](#CIT0038),[39](#CIT0039)^ which may explain the herein reported positive correlation between IP10 and type M1 Macrophages. IP10 has been reported as a pro- tumorigenic chemokine. Increased expression of IP10 and its receptor CXCR3 has been observed in many cancers, including malignant melanoma,^[40](#CIT0040)^ ovarian carcinoma,^[41](#CIT0041)^ multiple myeloma,^[42](#CIT0042)^ B-cell lymphoma,^[43](#CIT0043)^ and basal cell carcinoma.^[44](#CIT0044)^ The role of IP10 and its receptor in breast cancer progression has been demonstrated using breast cancer cell lines.^[17](#CIT0017)^ Our results suggest that high IP10 serum levels correlate with high IP10 in the tumor microenvironment and may be a measure of worse prognosis.

The tumor microenvironment may accumulate high concentration of cytokines and other molecules such as metabolites which may affect systemically the concentrations of the same molecules or others. Apart for IP10, we report here modest/no correlations between serum level of cytokines and their mRNA expression at the tumor site. Systemically the expression of the cytokines measured here may be affected by many factors, the primary breast tumor is one of them, but other such as lifestyle, environmental cues or administration of anti-inflammatory/painkiller drugs should be considered in further studies to further assess the continuum between the tumor micro- and macro-environment.

In conclusion patients with advanced stage disease appear to experience a simultaneous immunostimulation and immunosuppression which may lead to disturbed cytokines production.^[45](#CIT0045)^ Breast cancer tumors are highly heterogeneous. However, there are common clinical characteristics in patients with more advanced tumor phenotype. We report that PDGF and IP10 serum levels as paraneoplastic signals may reflect the presence of larger tumor and a worse prognosis. We further suggest that cytokine serum levels may be associated with specific immune cell types at the tumor site. Our results emphasize the value of measuring serum cytokine levels in breast cancer.

Materials and methods {#S0004}
=====================

Patient material {#S0004-S2001}
----------------

### MicMA cohort {#S0004-S2001-S3001}

Operable early breast cancer patients were included in the Oslo1 micrometastasis observational study between 1995 and 1998.^[46](#CIT0046)^ Related to the current results, sera were collected at the time of surgery. A subset of the patient's fresh primary tumors was collected for detailed molecular analyses, a cohort called MicMa. Only patients within the MicMa subset were included in the current analysis. The study is approved by the Regional Ethics Committee. Written informed consent was obtained from all participants, the study was conducted in accordance with the Declaration of Helsinki. Sera from 137 MicMa samples were available, six patients were excluded from the analysis due to administration of neo-adjuvant therapy. For the remaining 131 patients, their characteristics are shown in Supplementary Table 7. Immunostaining was performed using mouse antibody against estrogen receptor and progesterone receptor (clones 6F11 and 1A6, respectively; Novocastra, Cat. Nos. NCL-L-ER-6F11 and NCL-L-PGR), c-erbB-2 (clone CB11; BioGenex, Cat. No. AM134). Automated immunostaining systems were used, Ventana Medical Systems, Inc (Tucson, AZ). Immunopositivity was recorded if more than 10% (ER, PR, c-erbB-2) of the tumor cells were immunostained as previously described.^[47](#CIT0047)^ The gene expression data was generated using Agilent whole genome 4x44K oligo array (Agilent Technologies, Cat. No. G4112F) as previously described^[16](#CIT0016)^ and is available at GEO with accession number GSE19783.

### DCTB cohort {#S0004-S2001-S3002}

The DCTB study was conducted in compliance with the Helsinki II Declaration, written informed consent was obtained from all participants. The project was approved by the Copenhagen and Frederiksberg regional division of the Danish National Committee on Biomedical Research Ethics (KF 01--069/03). 79 breast cancer patients were included in this cohort as previously described.^[8](#CIT0008)^ In our recent publication using this cohort, tumor interstitial fluid was extracted from small surgically resected breast tumor pieces, matched sera from 28 women were obtained prior surgery. Characteristics of these 28 patients are shown in Supplementary Table 7. Samples were considered negative for ER when the percentage of nuclear immunoreactivity within the invasive cancer cells was \< 1%. Samples with HER2/centromere 17 ratio \> 2 were considered HER2 positive.

mRNA expression profiling {#S0004-S2002}
-------------------------

Total RNA was isolated using the TRIzol reagent (Thermo Fisher Scientific, Cat. No. 15596026) following the manufacturer's instructions. NanoDrop spectrophotometeric analysis (Thermo Fisher Scientific, Waltham, MA, USA) assessed RNA concentration and purity. RNA quality and integrity were assessed by the 2100 Bioanalyzer instrument (Agilent Technologies, Santa Clara, CA, USA). mRNA expression was measured using SurePrint G3 Human GE 8x60K one-color microarrays from Agilent (Agilent Technologies, Cat. No. G4851A) according to the manufacturer's protocol and using 100 ng of RNA as input for amplification.

Scanning was performed with Agilent Scanner G2565A, and signals were extracted using Feature Extraction v.10.7.3.1 (Agilent Technologies). Non-uniform spots were excluded and missing data were imputed using local least squares imputation (LLSimpute from the R package "pcaMethods").^[48](#CIT0048)^ Arrays were log2-transformed and quantile-normalized. mRNA expression data have been submitted to ArrayExpress database under accession number E-MTAB-7201. A total of 96 samples were measured for gene expression.

Cytokine profiling {#S0004-S2003}
------------------

A total of 27 molecules including interleukins, chemokines, growth factors, interferon (IFN), and tumor necrosis factor (TNF), were measured in a 27-plex commercially available cytokine panel (Bio-Rad Laboratories, Cat. No. M500KCAF0Y) and were analyzed with the Luminex xMAP 200 platform (Luminex Corporation, Austin, TX, USA). The assays included a series of known concentrations to generate standard curves. All samples were analyzed in duplicates, the mean values of the duplicates were used for the further analysis. The results obtained were collected and processed with Bio-Plex Manager 6.0 (Bio-Rad Laboratories). Details of the cytokines are given in Supplementary Table 8. Natural log transformed cytokines levels (pg/mL) for the MicMa and the DCTB cohorts are given in Supplementary Table 9, summary statistics are given in Supplementary Table 10. IL15 and IL1RA serum levels were often very low or undetectable; many samples display a zero value for these two cytokines, therefore interpretation of the association of these serum cytokine levels with any other feature must be interpreted cautiously.

Immunohistochemistry (IHC) {#S0004-S2004}
--------------------------

IHC analysis was performed as described previously.^[8](#CIT0008)^ Briefly, FFPE blocks were prepared from 2 to 3 various parts of the tissue piece. Immune cells were assessed using an antibody recognizing CD45 (DAKO, mouse monoclonal antibody (clone 2B11+ PD7/26); dilution: 1:400) and IP10 with an anti-IP10 (Abcam, rabbit polyclonal (ab9807); dilution: 1:100). Standardization of the dilution, incubation, and development times appropriate for each antibody allowed an accurate comparison of expression levels in all cases. Positive and negative control slides were analyzed in parallel, with the latter incubated with PBS instead of primary antibodies.

Statistical analysis {#S0004-S2005}
--------------------

All analyses were performed in the R ^[49](#CIT0049)^ version 3.3.2. After natural log transformation, cytokine levels were analyzed in relation to categorical clinical parameters using Mann-Whitney-U (MWU) or Kruskal-Wallis tests. Unless otherwise stated, results were considered statistically significant, if the two-sided p-value \< 0.05. Hierarchical clustering with Euclidean distance and Ward.D linkage was performed on the log transformed cytokine levels using the R package pheatmap (version 1.08)^[50](#CIT0050)^ clusters were identified using the cutree function. Pearson correlations were visualized using R package corrplot (version 0.84). Survival analysis using Kaplan-Meier estimates for overall survival were compared by the log-rank test. Hazard ratios and their 95% confidence intervals were estimated using the survival R package based on the log rank test. Cytokine-cluster4 scores were calculated using the GSVA Bioconductor package.^[12](#CIT0012)^ Enrichment score for immune cell type at the tumor site was calculated using xCell R package with default parameters.^[19](#CIT0019)^ xCell relies on single-sample GSEA (ssGSEA) and newly generated gene signatures for 64 cell types to digitally dissect the tumor microenvironment. In our study, we focused on 27 immune cell types, the xCell scores from these 26 immune cell types can be found in Supplementary Table 5.

Abbreviations {#S0005}
=============
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